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Abstract
Measurements have been made in the OPAL experiment at LEP of the inclusive











  The overall multiplicities per hadronic Z
 
decay have been determined













mesons  The measurements for






rate represents the rst measurement of a strange tensor state in Z
 
decay  Both the overall production rates and normalised dierential cross sections
for the vector states have been compared to JETSET and HERWIG predictions 
The peak positions in the   lnx
p
 distributions have been measured and found
to be consistent with measurements of other hadron states 
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	Chapter  
Introduction
In this thesis results are presented from a sample of   million multihadronic
Z
 
decays recorded by the OPAL detector at LEP between  and   Measure






 mesons updating the previous OPAL results  and providing a signicant






meson is reported  The K
 










The inclusive production rates for a large number of identied meson and baryon
states have now been measured in hadronic Z
 
decays  In the meson sector re
sults have been published for all the pseudoscalar states    and all the vector
mesons    except the 	
  However only one scalar meson the f
 
	
and one tensor meson the f

	 have been reported  
A number of QCDbased Monte Carlo models exist which allow interpretation
of measurements of meson production  In JETSET 	 for example a number of
variable parameters can be tuned to reproduce the observations  The values of
these parameters may be interpreted as providing information about the nature of
the fragmentation process  Measurements of light mesons as well as of baryons in
all of the various spinparity and strangeness states are therefore required to provide
a full picture of the parton fragmentation 
CHAPTER  INTRODUCTION 
Using the measurements reported in this thesis for the vector states studies are
made of the fragmentation functions and overall multiplicities and also the depen





scaled meson momentum  This allows comparisons to be made with predictions of






rate is used to alter the JETSET parameter which governs
the level of tensor meson production  The eect of this parameter on the inclusive
rates of other particles is also investigated 
The production of  with a large fraction of the beam energy is also inves
tigated  According to JETSET Monte Carlo these mesons have a high probability
of containing one of the primary quarks from the Z
 
decay  A preliminary study is
made of how this characteristic can be used to determine whether properties such
as quark polarisation are transferred to the nal state hadrons in fragmentation 
Chapter 
Theory
  The Standard Model
The Standard Model 
 is a set of quantum eld theories which describe the
strong weak and electromagnetic interactions of quarks and leptons  These fermions
are divided into three generations each containing two quarks and two leptons as
shown in table    A corresponding set of antiparticles also exists  The theory
is based on the principle of local gauge invariance with respect to the lie group
SUSUU  Interactions between the fermions are mediated by gauge




and gluons  The masses of the fermions and the bosons associ
ated with the weak interactions are generated through the process of spontaneous
symmetry breaking by the Higgs mechanism 
 
Generation quarks leptons
Q   Q   Q   Q  
st u d e 
e
nd c s 	 
 
rd t b 
 

Table   The three generations of quarks and leptons in the Standard Model
grouped according to their electromagnetic charge Q 
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  The electroweak sector
In the Standard Model the electromagnetic and weak interactions are combined
into a single theory based on local SUU gauge invariance   The theory is
chiral with the left and right handed components of the fermion elds treated dier
ently  The handedness of a eld  is dened in terms of the projection operators
  



















is the chirality operator  The left handed quark and lepton elds form




























Here U  D and  l represent one of the three generations of quarks and leptons
respectively  There is no experimental evidence for the existence of right handed
neutrinos and so 
R
elds are not included in the theory  The multiplets are de
scribed in terms of two quantum numbers weakisospin T  from the SU sym
metry and hypercharge Y  from U  The latter is dened in such a way that the







is the same for the left and right handed components of each fermion  Local gauge
invariance in the electroweak Lagrangian is provided by the addition of three SU
vector bosons W
i
and one U vector boson B  These are interpreted as the medi
ators of the weak and electromagnetic forces  Note that the W
i
elds only couple
to the left handed fermion elds which have nonzero weakisospin providing a
mechanism for parity violating interactions which have been experimentally ob












In order to explain the weakness of the weak force without dening a coupling
constant which is much smaller than that used in electromagnetism i e  
W
 
CHAPTER  THEORY 
masses are introduced for the weak gauge bosons  These masses according to the
uncertainty principle restrict the range of the force and hence make it weak 
These masses cannot be included directly into the Lagrangian without destroying
the local gauge invariance of the theory  Instead the Higgs mechanism 
 is used 














with a potential dened in such a way gure   that it induces a nonzero vacuum
expectation value for the Higgs eld  This means that the vacuum state cannot be
SUU invariant  However by the denition of charge Q in equation   the
vacuum is electromagnetically neutral and so the U symmetry is retained  This
process where the theory is invariant but the vacuum is not is known as spontaneous
symmetry breaking  By this mechanism the weak elds gain rest masses but as the
U symmetry is not broken the photon remains massless  Excitations from the
vacuum produce a massive neutral Higgs particle and three massless Goldstone




The addition of mass terms in the Lagrangian through the Higgs mechanism
causes the neutral elds W

and B to mix and form the physical elds Z
 
and
 the photon  The mixing angle 
W
is an important observable in the Standard
Model  Fermion mass terms are introduced through Yukawa type interactions with
the Higgs scalar doublet H 
   The strong interactions  QCD
Strong interactions between quarks are described in the Standard Model in terms
of a local SU gauge symmetry  Unlike the electroweak sector the theory is not
chiral the left and right handed components of the quark elds undergo the same
interactions  In order to make the Lagrangian locally gauge invariant under this
symmetry group eight gauge elds are required called gluons  As the SU sym
metry in the theory is exact these gauge bosons are all massless  In this respect it
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Figure   The Higgs potential with a minimum at jHj

   This feature gives
rise to a nonzero vacuum expectation value for the Higgs eld 








Figure   QCD interactions involving quarks and gluons including those between
the gauge bosons which are not present in theories based on abelian symmetry
groups such as electromagnetism 
is like quantum electrodynamics QED  the gauge theory based on U symme
try developed to describe electromagnetic interactions  The charge associated with
the symmetry is called colour and so the theory is referred to as quantum chromo
dynamics QCD  The most important dierence in terms of physics between SU
and U symmetries is the nonabelian nature of the higher order group  This gives
rise to gauge elds which carry the colour charge and so can interact directly with
each other as well as with the quarks as shown in gure    These interactions are
not possible in electromagnetism as the photon is a neutral object  The existence of
diagrams like these in the expression for the strong coupling constant 
s
 cause it to
depend on the energy scale  At high energy 
s
is small allowing calculations to be
made using perturbation theory but at energy scales less than  GeV the coupling
is very large  In this region the perturbative approach breaks down 
The nonabelian properties of the SU symmetry also lead to a gluonic poten
tial which is approximately proportional to the distance between coloured objects 
This implies that quarks and gluons may not exist on their own but only in colour
singlets  This idea is known as connement  The simplest possible colourless com
binations of quarks are qq and qqq states these correspond to the observed mesons
and baryons  Bound states of more than three quarks and states made up of gluons
are also theoretically possible but none have been unambiguously observed 

















annihilation through the non




At LEP the dominant process is electronpositron annihilation to Z
 
 which
then decays to fermionantifermion pairs  The process can also take place via the
exchange of a virtual photon 
 




centre of mass is
close to the Z
 
mass  For all fermions the initial interaction can be described using
electroweak perturbation theory 






  In the case of qq production this decrease in energy scale
causes the strong coupling constant 
s
to increase until a nonperturbative region
is reached  Here connement leads to the production of hadrons from the quarks
through a process known as fragmentation  The kinematics of the interaction cause
the nal states to be collimated into jets of particles which are observed by the
detectors  Events of this type are usually called multihadronic  The primary quarks
may radiate hard gluons in a process similar to bremsstrahlung in electromagnetism 
These gluons will also fragment into hadrons resulting in three or more jets in the




  jets is shown in
gure   
CHAPTER  THEORY 
As the fragmentation process happens in a nonperturbative region there is no
reliable way to describe it in QCD and hence to predict the properties of the nal
state hadrons  Instead a number of QCDbased models have been developed which
simulate the decay of the Z
 
to quarks and use various pictures of fragmentation to
produce nal state hadrons  Two widely used models of this type are JETSET 	
and HERWIG  which are described in the next section  Other Monte Carlo
models commonly used in multihadron analyses are ARIADNE  COJETS 
and PARJET  
On the other hand there are a few concepts which allow some predictions about
the inclusive particle spectra to be made using perturbative QCD  One such idea
is local partonhadron duality LPHD   In this scheme the spectra of the
nal state hadrons are directly related to those of the quarks and gluons present
before fragmentation  This means the fragmentation process can be bypassed and
calculations can be made using perturbative methods  One such method which has
been used together with the LPHD hypothesis is the modied leading logarithm
approximation MLLA   Although a great deal of the detail of multihadronic
events is lost in the MLLALPHD framework it does make certain predictions
about the momentum spectra of the hadrons  One such prediction investigated in
this thesis is that the inclusive dierential cross sections of hadrons with respect




is the scaled hadron momentum has a
Gaussianlike shape the peak position of which decreases linearly with increasing
hadron mass 
  Monte Carlo models JETSET and HERWIG
The JETSET and HERWIG programs both simulate the production of nal
state hadrons in electronpositron annihilation in four distinct stages  First a quark






  qq  to a rst
approximation this process is electroweak and is calculated using perturbative elec
troweak theory  Processes such as initial and nal state radiation are also included
in this stage 
The quarks are then allowed to radiate gluons  These gluons can subsequently
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decay into quarks and other gluons and possibly diquarks  The resulting particles
including the primary quarks from the Z
 
decay are generally referred to as partons 
This bremsstrahlung process is in theory calculable using perturbative QCD  The
simplest approach to the calculation using matrix elements has been found to be of
little use at LEP energies as calculating the higher order terms required to account
for the observed event structures is extremely dicult  Instead the parton shower
approach 	 is used which is based on the leading logarithm approximation  The
partons produced are then fragmented into hadrons using phenomenological models 
Finally unstable hadrons are allowed to decay to nal state particles according to
measured branching ratios 
The main dierence between the two programs lies in the particular model used
to carry out the fragmentation process  JETSET uses string fragmentation where
colour ux tubes or strings are extended between partons  HERWIG uses the
cluster fragmentation scheme where partons are combined into colourless clusters
which decay into hadrons  Figure   shows a diagrammatic representation of the
JETSET production scheme 
q


















annihilation using string fragmentation  The process evolves with time from
left to right 
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  String fragmentation in JETSET
The fragmentation picture used by JETSET is based on the Lund model and is
often referred to as Lund symmetric fragmentation  The model uses the idea of lin
ear connement between quarkantiquark pairs suggested by QCD  In the simplest




annihilation with no gluon radiation conne
ment is described in terms of a colour dipole eld  Unlike in electromagnetism the
dipole eld is not spread in the transverse direction but is closely packed into a
tubelike structure due to the coloured nature of the gluonic eld gure    A
colour ux tube of this type can be described using the dynamics of a massless
relativistic string with potential energy linearly proportional to the length of the
tube  Using hadron spectroscopy the string constant of such a string energy stored
per unit length can be deduced to be   GeVfm 
q
a. Electromagnetic dipole b. Colour dipole
q
Figure   Comparison of the elds due to electromagnetic and colour dipoles  The
colour carried by the gluons causes the qq eld to be concentrated into a ux tube 
As the quark and antiquark move apart the potential energy in the string in
creases until a break occurs and a new qq is produced  In Lund fragmentation this
process continues until the energy in all the string pieces is such that no further
qq can be created  The remaining fragments become the nal state hadrons g
ure    This picture lends itself well to the formation of mesons but the production
of baryons in string fragmentation is not so well understood  Two mechanisms exist
in JETSET shown in gure  	  The simplest involves the production of a diquark
antidiquark pair qqqq in the break up of a string  The second more complex
mechanism does not involve diquarks rather the production of two quarkantiquark
pairs one after the other  This scenario is called the popcorn mechanism 
 




Figure   The Lund string fragmentation process for a simple qq system 
Experimental results concerning the correlations between baryonantibaryon pairs
produced in LEP events  tend to favour a larger amount of popcorn production
relative to diquark production but the results are not very conclusive 
The string mechanism is not very predictive in terms of the spin properties of the
resulting hadrons  Instead JETSET includes a number of variable phenomenological
parameters which govern the relative amount of each state produced 
When the partons involved in the fragmentation include gluons as well as quarks
as in the full simulation of multihadronic events the string picture becomes more
complicated  For a qqg event the string is stretched between the neighbouring
quarks via the gluon so it forms a kink in the string  To a rst approximation
when fragmentation occurs in this setup a hadron will be produced at the gluon
kink together with a qq pair  This pair and the original quarks form the ends of
two new strings which fragment as before 
The model is said to be symmetric because the fragmentation is the same no
matter which end of a string is considered the starting point i e  the energy and
momentum given to the hadrons is equivalent whether the fragmentation is initi
ated at the quark end of the string or at the antiquark end  This feature of Lund
fragmentation constrains the shape of the associated fragmentation function which




































Figure  	 The two mechanisms for baryon production used in JETSET string
fragmentation 
is dened as the dierential cross section of hadrons with respect to the fraction of
the total parton energy carried by the particles 
   Cluster fragmentation in HERWIG
In HERWIG the nal state hadrons are created using cluster fragmentation from
the quarks diquarks and gluons produced in the parton shower process  This model
like string fragmentation uses the QCD property of connement between coloured
objects  As described above this property causes a parton to be close in phasespace
and real space to a parton of opposite colour  This is true both for the production
of qq pairs and the more complex situation in a parton shower  The partons can
therefore be associated with colourless low mass objects called clusters  The clusters
may be composed of quarkantiquark pairs or diquarkantidiquark systems  Gluons
present at the end of the parton shower are split into quarkantiquark pairs which
are clustered in the same way  Figure  
 shows the simplest case where the clusters
contain only qq pairs 
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The mechanism by which these clusters decay into hadrons is governed by their










































If the cluster mass M
C




then it will be transformed
into a single nal state whose identity is determined as the lowest mass hadron with
avour structure equal to that of the cluster 
Most of the clusters formed from the partons will have masses greater than one
of the limits and will undergo twobody decays to form hadrons  In this scheme
a qq pair or qqqq system is created  The avour of qq pairs are chosen from u
d c s t and b quarks  In the case of diquarkantidiquark systems the avours
are chosen from the following combinations uu ud us dd ds and ss paired with
the appropriate qq  This quarkantiquark pair or diquarkantidiquark system is






















The combined mass of the two lightest possible hadrons must not exceed the
mass of the cluster to prevent for example the production of top hadrons from the
decay of nontop clusters  The combination of clusters containing diquarks with
diquarkantidiquark systems is also not allowed preventing the formation of exotics
in the fragmentation process  The low cluster mass scale used in the model results in
hadrons with limited transverse momentum producing a jet structure as observed
in experiment 













 The cluster fragmentation picture as used by the HERWIG Monte
Carlo program  Note that gluons are forcibly converted to qq before clustering is
attempted 
The identities of the hadrons produced in a twobody cluster decay are deter
mined by a phasespace factor which includes both the mass and the spin degeneracy








  Also given enough mass a similar cluster
is likely to decay to a state containing a tensor meson such as the f

	 rather
than the equivalent axial vector state a
 

 due to the spin factors involved 
This is very dierent to JETSET where the spectrum of hadrons is governed by
phenomenological parameters  The concept of cluster fragmentation represents an
implementation of local partonhadron duality with the nal state hadrons linked
directly to the initial partons 
  The use of Monte Carlo in multihadron analysis
As mentioned above in the absence of a viable nonperturbative tool to describe
fragmentation using the QCD Lagrangian Monte Carlo models such as JETSET
and HERWIG are invaluable in any analysis which involves strong interactions  For
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example in the study of the perturbative QCD processes involved in Z
 
  qq a
reliable model is required to strip away the hadrons to reveal the parent partons 
The parameters in JETSET can be tuned to reproduce the results of a real ex
periment for measured quantities such as inclusive production rates and the shapes
of hadron fragmentation functions  The values of the parameters can then be inter
preted as providing information about the underlying fragmentation process  HER
WIG with very few parameters and a dierent picture of hadronisation can be





 The LEP machine
OPAL OmniPurpose Apparatus for LEP gures   and   is one of four
experiments on the LEP Large ElectronPositron collider at CERN the highest
energy electronpositron colliding beam machine in the world  Since it came on line
in 
 LEP has been running at a centre of mass energy around the Z
 
mass with
beam energies up to  GeV  Operating in this environment has allowed many areas
of high energy physics to be investigated  These include accurate measurements
of the Z
 




and the peak cross section 
peak
 leading
to limits on the mass of the top quark and a determination of the number of light
neutrino species    Investigations have been carried out in both light and
heavy avour physics    Particle searches have been made both for expected
states such as the top quark  and Standard Model Higgs boson  and for more
exotic particles such as those predicted by supersymmetry  
In LEP running so far all the precision tests of the Standard Model have yielded
results compatible with the theoretical predictions and the top quark and minimal
Higgs have remained out of reach  However new limits have been set at LEP for
the properties of such particles  Near the end of the century it is hoped that the
machine will be upgraded LEP phase II having a centre of mass energy close to
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 GeV  This new energy window will provide an opportunity for the study of the




threshold  The physics relating to LEP II are
described in detail in reference 	 
  The OPAL detector
The OPAL detector is described fully in reference 
 and only an overview is
included in this thesis  The experiment consists of a cylinder 	 m in diameter and
	 m in length surrounding the LEP beam pipe and provides excellent acceptance
for the products of Z
 
decays over a solid angle of nearly   The apparatus is
divided into three main subdetector systems a central tracking system within an
axial magnetic eld for the measurement of momentum and energy loss of charged
tracks a set of calorimeters for the determination of electromagnetic and hadronic
energy ow and outer chambers for the identication of muons  Also included is a
forward detector system situated close to the beam pipe on each side of the central
detector for accurate measurement of the LEP luminosity and the detection of
particles which are emitted at small angles with respect to the beam line 
  Central tracking system
The OPAL central tracking system comprises a vertex detector for accurate
position measurement near the interaction region a large jet chamber providing
position and ionisation energy loss measurements and an outer layer of chambers
for the determination of track end points in z

  In  a silicon microvertex detector
was installed in the experiment around the beam pipe  The system lies within an
axial magnetic eld of   T produced by a warm coil solenoid  Just outside this
coil is a set of time of ight detectors which act as a primary trigger and which are
also used to distinguish events which do not come from the interaction region 
The jet chamber is designed for ecient recording of jetlike events giving good
 
A right handed coordinate system is used by OPAL where positive z is along the electron
beam direction and r and   are the usual cylindrical polar coordinates
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Figure   A cutaway view of the OPAL detector 
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tracktrack separation down to   mm within a solid angle close to   The
chamber contains  radial planes of sense and eld wires running parallel to the
beam pipe  Each radial plane contains  anode wires equally spaced by  mm
and staggered by  	m to resolve leftright ambiguities  The average position
resolution in the r   plane is  	m  Using charge division at each end of the
wires an average z resolution of  cm can be achieved  For a well measured track the










more relevant to the analysis in this thesis is the twoparticle mass resolution which
typically varies from  MeV to  MeV depending on the mass and momentum of the
reconstructed state  The chamber also measures the ionisation energy loss dEdx
of charged particles traversing the volume  The measurement of this quantity and
its implications in particle identication are described in chapter   A track with the
maximum number of energy loss measurements has a dEdx resolution of    
The vertex chamber is basically a scaled down jet chamber design which is po
sitioned within the jet chamber and centred on the interaction point  The chamber
uses both axial and stereo cells and has an average r resolution of  	m and z
accuracy 
z
 of  	m for charged particles close to the interaction region 
 






Accurate z measurement of track end points is provided by a layer of zchambers
located outside the jet chamber  These consist of  drift chambers matching the
 sectors in the jet chamber subdivided into cells along the z axis  Each cell
can record up to six space point measurements  The absolute z resolution of the z
chambers is  	m 
 
Outside the coil structure is located a set of  scintillation counters which
make up the time of ight system  As the counters are at a radius of about two
metres any cosmic ray muon passing close to the origin will take about  ns to
traverse the distance  The resolution of the time of ight system on OPAL has been
measured to be  ps 
 and so it can easily identify background events of this
type 
The silicon microvertex detector consists of two layers of silicon microstrips
mounted directly on the beam pipe  The inner layer is positioned at a radius of
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  cm and the outer layer at a radius of 	  cm  The position resolution of the
device has been measured to be  	m in the r   plane and  	m in z  
   Detector calorimetry
In the OPAL detector two types of calorimeters are employed an electromagnetic
calorimeter ECAL for the measurement of electromagnetic showers from electrons
and photons and a hadron calorimeter HCAL for the detection of hadronic showers 
Although the main purpose of the electromagnetic calorimeter is to detect and
measure the energies of electrons and photons it can also be used to discriminate
between 
 
and photons and in conjunction with the tracking system electrons and
hadrons 
The ECAL consists of a barrel section and two endcaps which together cover

 of the solid angle  The detector is made of lead glass blocks which produce

Cerenkov light with a total absorption length of  X
 
  This material was chosen




E E in GeV spa
tial resolution granularity electronhadron discrimination and gain stability  The
individual blocks are instrumented with shielded magnetic eld tolerant phototubes
in the barrel and vacuum phototriodes in the endcaps 
As the OPAL ECAL lies outside the coil assembly with approximately two ra
diation lengths of material in front a presampler consisting of drift chambers in
limited streamer mode is used to improve the energy resolution and 
 
 and elec
tron  hadron discrimination  This is possible because the pulse height in the pre
sampler is directly proportional to the number of charged shower particles produced
and hence the energy deposited in the material in front of the calorimeter  Without
material in front of the ECAL the typical energy resolution has been measured to
be 
E
E      
p
E  Adding the   X
 
of aluminium in the coil de
grades this by a factor of two at  GeV but around  of this degradation can be
recovered from presampler information 
 
Using the correlated response of both the presampler and calorimeter system a
pion rejection factor of 

can be achieved for an electron identication eciency
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of 
   
  Further discrimination can be achieved using the charged particle
identication capability of the jet chamber via dEdx 
The purpose of the hadron calorimeter is to measure the energy of hadrons
emerging from the ECAL  It also assists with the identication of muons by ab
sorbing other particles giving clean tracks in muon detectors placed outside the
HCAL 
In OPAL the HCAL consists of layers of iron instrumented with limited streamer
tubes  The iron acts as an absorber material and also provides the return yoke for
the magnetic ux from the solenoid  Like the electromagnetic calorimeter it consists
of a barrel region and two endcaps  Two poletip components are also included to
extend the angular coverage of the hadron calorimeter down to the beam line  As
there is a high probability of hadronic showers being initiated before the HCAL
overall energy ow is determined by combining signals from both ECAL and HCAL 
Using combined signals from the ECAL and HCAL the energy resolution varies from

p
E at shower energies less than  GeV to 
p
E at  GeV 
 
  Muon detection
OPALs muon identication system like its calorimeters is made up of a barrel
and two endcap detectors  It is mounted outside the instrumented iron HCAL
forming the outermost part of the detector  The barrel consists of four layers of
large area drift chambers with two sense anode wires in each chamber staggered
to resolve leftright ambiguities  Electrons drift in the  direction giving an r
resolution of   mm 
  The z coordinate of a hit is determined by a three stage
process involving diamond cathode pads and charge division along the wire giving
an overall z resolution of  mm 
 
The endcaps are made up of four layers of limited streamer tubes perpendicular
to the beam axis with good overlap with the acceptance of the barrel  The resolution
of the endcaps was found to be between  mm and  mm depending on the position
of the readout strips 
 
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  Forward detector and luminometer
The forward detector is used to determine the LEP luminosity using small angle
Bhabha scattering  It is also used to tag two photon events and to increase the
angular acceptance of the electromagnetic calorimeter  The detector comprises two
identical units positioned at each end of the central jet chamber around the beam
pipe  Each unit contains a gamma catcher two layers of radial drift chambers a
ne luminosity monitor and an electromagnetic calorimeter  The gamma catcher
and calorimeter both consist of lead scintillator sandwich  The latter is split into
a presampler and main calorimeter and also contains tube chambers for accurate




and the shower position can be measured with a typical resolution of  mm 
 
In  a silicontungsten SiW luminometer was installed in OPAL as part
of the forward detector system  The luminometer consists of two nely segmented
position sensitive SiW calorimeters placed on each side of the OPAL detector just
in front of the main forward detector units 
 The OPAL online systems
 The event trigger
The OPAL trigger system described fully in  is designed to select beam




interaction reducing the  kHz crossing rate
to an event rate of around  Hz which can be handled by the data acquisition
system  The system uses programmable trigger logic and provides a large degree
of redundancy for passing physics events while rejecting backgrounds from cosmic
rays beam gas interactions and detector noise 
The central trigger processor receives signals from ve separate subdetector trig
ger systems  The input is subdivided into a matrix of overlapping bins in order
to detect spatial coincidences  Of the ve trigger inputs only three are important
for the detection of multihadronic events 
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 The track trigger is provided by a dedicated hardware processor which uses
information from the central detectors to nd tracks which originate from the
interaction region  Signals from three sets of twelve adjacent sense wires in
each of the  jet chamber sectors and the twelve axial sense wires in each
sector of the vertex chamber are combined  Tracks are identied by looking
for coincidences in the r  z plane between hits from the four wire groups
both within a single sector and between two adjacent sectors to detect tracks
which cross sector boundaries 
 For the time of ight trigger the  individual scintillation counters are com
bined into  overlapping  bins  A trigger signal is produced in one of these
bins if both ends of a counter have red within  ns of each other and within
 ns of the arrival time of a particle from the interaction point 
 In the electromagnetic calorimeter analogue energy sums are calculated for
  cells  Twenty four  segments are included which match as closely as
possible those of the track trigger  Cells in  are provided by both the barrel
and endcap electromagnetic calorimeters  Trigger signals are also produced
based on the total summed energy in the barrel and each of the two endcaps 
The other trigger inputs are provided by the barrel and endcap muon chambers and
the two forward detector units 
  Event readout and processing
Each of the subdetector systems contain their own data acquisition electronics 
When a trigger is received data are read out from the subdetectors and processed
locally before being sent to the central event builder where the data are concate
nated into a single event record  This record is fed to the lter  where the
data are packed and the trigger logic is checked  Finally the data are processed
by the OPAL reconstruction software ROPE  This program reconstructs the tracks
and energy clusters using the raw data and information from the OPAL calibration
database and produces a summary of the most important information in the event 
This summary is written to permanent storage together with the raw data  As the
reconstruction software is constantly updated and improved the data can be passed
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through the nal processing stage o ine  The ROPE program can also be used to
read the data for analysis 
 Detector simulation  GOPAL
Events produced using Monte Carlo generators can be processed using the de
tector simulation program GOPAL  which uses the GEANT package   In
the GEANT framework the OPAL detector is described in terms of a set of objects
called volumes  Each volume contains detailed information about the geometry and
material makeup of a section of the detector 
The generated particles in each event are tracked though the volumes and
physics processes such as multiple scattering particle interactions and decays are
simulated using tools provided by GEANT  In each of the detector volumes hits
and clusters are generated and eects such as detector response and eciency are in
cluded  Finally after all the tracking is complete the simulated signals are digitised
producing raw data equivalent to that from the real experiment  As the full simula
tion of events is a very time consuming process GOPAL also provides an alternative
mode of operation where only coarse tracking is performed and the detector response
is simulated by smearing out the tracks with algorithms which include resolutions
and eciencies measured from the real apparatus 
The simulated raw data produced by GOPAL can be analysed using the OPAL




 The selection of multihadronic events
Multihadronic events are selected from OPAL data using standard criteria de
scribed in   The selection is based on both the charged tracks reconstructed
in the central detector and the energy deposited in the electromagnetic calorimeter 
Tracks are required to have at least  space point measurements and a point of clos
est approach within  cm of the interaction point in z and  cm in the r plane 
The transverse momentum of each track is required to be greater than   GeVc 
Clusters in the barrel region of the electromagnetic calorimeter are required to have
an energy of at least  MeV and those in the endcaps at least  MeV  An
event is dened as a multihadron candidate if the following criteria are satised  at
least  tracks and 	 clusters pass the above cuts the total energy deposited in the
calorimeter is at least  of the centre of mass energy of the event and the energy
imbalance along the beam direction R
imbal























is the energy and 
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is the polar angle of the cluster 









  Demanding a minimum total visible energy removes
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twophoton events and the energy balance requirement removes background events
such as interactions between the e

beams and the gas in the beampipe or the
beampipe walls  It also reduces the background from cosmic rays which enter the
detector through the endcap region and so cannot be detected using the time of ight
system  The acceptance for multihadronic events selected using this procedure has
been determined to be 
   
Between  and  OPAL recorded   million events which satised the
multihadron criteria  This sample is the basis for the analysis presented in this
thesis 
  The Monte Carlo event samples
Approximately one million hadronic events generated by the Monte Carlo pro
gram JETSET version 	  	 were used in the analysis  The parameters of the
JETSET model had been tuned  so that the program reproduced many global
features of multihadronic events as observed at LEP  The events were passed through
a full simulation of the OPAL detector  as well as the event reconstruction soft
ware and nally subjected to the same selection process as for the real data 
In addition to this JETSET Monte Carlo sample k fully simulated events
were taken from Monte Carlo based on HERWIG version     This sample
was used to check for systematic eects which may arise from the JETSET model






 Further event and track quality cuts
In addition to the selection outlined above the events used in the analysis were
subject to further requirements designed to isolate a sample of multihadronic events
which were both well measured and could be simulated by the Monte Carlo pro
grams 
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For every charged track in each event in the sample the following quality cuts
were applied 
 At least  space point measurements in the jet chamber were used to recon
struct the track 
 The point of closest approach of the reconstructed track was within  cm of
the interaction point in z and  cm in the r   plane 
 The radius of the rst recorded space point was less than 	 cm 






 The transverse momentum p
T
 of the track was greater than   GeVc 
Figure   shows the distributions of selected charged track multiplicities both for
data and for the JETSET event sample  The agreement between the two indicates
that the Monte Carlo generator together with the detector simulation program pro
duces a good and reliable simulation of the kinematics of recorded OPAL events 
If at least ve tracks passed the cuts then the event was tested for energy and
momentum balance  The event was rejected if the magnitude of the total recon
structed momentum vector of the selected tracks was greater than  of the centre
of mass energy or if the total visible energy summed over all charged tracks assum
ing all tracks to be pions was less than  of the total available  The distributions
of visible energy for the data and JETSET Monte Carlo samples are shown in g
ure    Although the distributions are only broadly in agreement above the cut
value of   they agree well in the region below indicating that the eciency of the
cut is the same for data and Monte Carlo 
For the subsequent inclusive meson analyses only those tracks with p   
GeVc j cos j   	 and at least one recorded z space point in the zchambers
were used  After all the cuts  events were left from the original multihadronic
data sample with an average of   selected tracks per event 
To correct for shortcomings in the simulation of track matching between the jet
chamber and zchambers in the central tracking system a weight was assigned to
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Figure   The distribution of charged track multiplicity for the data and JETSET
events samples 
Figure   The distribution of the ratio of visible charged track energy assuming
all tracks to be pions to the centre of mass energy for the data and JETSET event
samples 
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each of the selected Monte Carlo tracks  These weights were based on a study in both
data and Monte Carlo of the distribution of transverse momentum and polar angle
of tracks with at least one point in z measured by the zchambers  Figure   shows
a histogram of the weights applied to tracks with momentum less than   GeVc 
The weights varied between   and  
 with a mean value of    The overall
uncertainty in these weights which amounted to  
 was taken into account in the
nal evaluation of systematic uncertainties in the inclusive meson analysis  After
weighting the mean track multiplicity for the JETSET event sample was  
weighted selected tracks per event 
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Figure   Example of the weights applied to tracks to account for the dierence




Particle identication and mass
spectra
 Ionisation loss and particle identication
As charged particles travel through matter they can lose energy due to interac
tions with atoms either by excitation or ionisation  This is usually called ionisation
loss  Although the interactions depend on the structure of the atoms in question
it is possible to make approximations for the rate of energy loss with distance
dEdx by neglecting much of the ne structure  One such approximation derived







































In this formula n
e
is the electron density of the gas I is the mean ionisation energy
and  is the maximum energy transfer per collision  The factor  in the expression
for  is the fraction of electrons able to interact with the particle from   	   
Ionisation loss is usually measured in units of keVcm  The parameter  is
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normally determined by tting the curve to data physically it depends on the
density and other physical properties of the material the particle is moving through 
If dEdx is plotted against the product of the particle velocity  and the Lorentz
factor  gure   it shows a characteristic shape  At low velocities dEdx falls
like 

to a minimum at     Above this is a relativistic rise region where
the ionisation loss increases logarithmically until it saturates the Fermi plateau 
The onset of the saturation after the relativistic rise region is governed by the factor
 in equation    A particle whose momentum corresponds to the minimum in
the curve is called a minimum ionising particle 
If the ionisation loss of a particle is plotted against its momentum the general
shape of the curve is the same but the position of the curve is determined by the
identity of the particle  For example gure   shows the theoretical curves for e 
K and p  By measuring the ionisation loss of a particle together with its momentum
the mass of the particle can be determined and hence its identity deduced  For
particles with relatively low momenta less than   GeVc the curves are well
separated except where they cross over however in the relativistic rise region the
dierence in energy loss between particle types is relatively small  For example at a
momentum of  GeVc the separation in mean dEdx between electrons and pions
is around   In this region both the resolution of the ionisation loss measurement
and the systematic errors involved must be kept small in order to achieve a useful
level of particle identication 
 The jet chamber and dE dx measurement
The measurement of ionisation loss in the OPAL jet chamber is described in
detail in reference 	  The stability of the measurements is ensured by tight re
quirements on detector parameters such as gas density high voltage and electronics
gain  In order to achieve the best possible resolution for dEdx measurements the
online signals from the chamber are subject to quality cuts  Hits are only used
which are assigned to the nal track t used for momentum measurement and
have a distance to the sense wire plane of at least  mm  Due to the large amount of
activity in the jet chamber in multihadronic events it is relatively common to nd
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Figure   Plot for a typical detector of the variation of ionisation loss dEdx
with the product of the particle velocity and the Lorentz factor  
Figure   Plot for a typical detector of the variation of ionisation loss with
momentum for charged electrons pions kaons and protons 
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hits with only a small spatial separation between them  If two such hits are closer
together than the double hit resolution of the chamber   mm then they are no
longer resolved and only a single hit is recorded  The hits from parts of two tracks
which are separated by less than  mm are therefore not included in the ionisation
loss determination  For tracks which cross sector boundaries the hits closest to the
boundary on each side are rejected if they lie closer than  cm to the interface  These
quality cuts remove  	  of the hits per track for isolated tracks and   of
the hits in multihadronic events 
Various corrections are applied to the charge measurements to take into account
known features of the jet chamber and the associated electronics  These corrections
are described in detail in 	  The energy loss for each remaining hit is calculated
by integrating the charge on the wire with time over a period of  ns 
The individual dEdx measurements from each wire for a track are analysed
using a technique called truncated mean  The distribution of energy loss for a
relativistic particle travelling through a thin absorber such as the gas in the jet
chamber is described by a Landau distribution which has a long tail at high values
of ionisation loss  This is due to the energy loss occurring from a small number of
collisions resulting in large uctuations and hence a wide overall distribution  This
tail is cut so that only the lower 	 of the sample remains and the nal dEdx
value for the track is taken as the mean of the truncated distribution 
The precision of a dEdx measurement obviously then depends on the number
of recorded hits for a track  In the OPAL jet chamber each of the  radial planes
contains  sense anodes  This means that a track can have a maximum of 
hits if it travels out of the barrel of the chamber  Tracks which travel out of the
ends of the chamber will have fewer hits and so the recorded dEdx measurement
will be less reliable  To reduce this problem and to get a large acceptance angle in
the jet chamber the wires are strung between conical endplates 
For minimum ionising pions in multihadronic events the dEdx resolution of
the chamber has been measured  to be   if the maximum number of measure
ments per track is demanded  Figure   shows the distribution of dEdx versus
particle momentum for a sample of well measured tracks selected as described in
chapter  with a minimum of one hundred measurements of energy loss per track
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in OPAL multihadronic data  The bands for electrons muons pions kaons and
protons are all clearly visible on the plot illustrating the quality of OPAL energy
loss measurements 
  Parametrisation of ionisation loss
A parametrisation of the energy loss for a given particle mass and momentum
is vital for physics analyses which use dEdx both for particle identication and as
the basis of Monte Carlo simulation of ionisation loss  In OPAL a quasiempirical
energy loss function is used based on the BetheBloch formula equation   the
values of the parameters   and  being determined from the data  A full
description of the energy loss function is given in reference 	 
The energy loss of particles in Monte Carlo data is simulated in GOPAL   As
the particles are tracked through the jet chamber volume the measured ionisation
loss for each hit is determined using the BetheBloch parametrisation and smeared
according to an experimentally determined Landau distribution  At the end of
the tracking stage of the simulation the individual measurements of energy loss for
each track are collected together and analysed using the truncated mean approach 
Various detector eects are also included in the simulation so that the Monte Carlo
distribution for ionisation loss with momentum reproduces all the detailed features
of the real data including the overall measured dEdx resolution 
A useful set of quantities calculated from the measured dEdx using the energy
loss function are the dEdx weights or 

probabilities for the charged particles
which can be detected in the jet chamber e 	  K and p  For a track with
























are the uncertainties on the measurements and  qm  is the
value of the parametrised mean energy loss function for a particle with momentum
q and mass m  This 

is minimised for each of the ve particle masses by varying
the value of q  The 





 by integrating the normalised 

distribution for one degree of freedom
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Figure   The distribution of ionisation energy loss dEdx with particle momen
tum for a sample of selected well measured tracks in OPAL multihadronic data 















z dz    
The general denition of the 

distribution can be found in reference 
  The
main use of these weights is in particle identication as the 

probability is a
good indication of the compatibility of a dEdx measurement with a candidate
particle type 
 The particle identication algorithm
The particle identication algorithm used in the present analysis was based on
that used in the original OPAL vector meson study   Each track was required
to have at least  separate points of dEdx measurement in the central tracking
chamber and ionisation loss less than  keVcm in order to remove tracks that
would not be well simulated  Given that the separation between the bands in the
dEdx distribution depends strongly on momentum 	 it was not possible to iden
tify kaons across the entire momentum range  A study of this eect was carried
out in  and the same limits were applied in the present analysis no tracks were
identied as kaons between  
 and   GeVc 
For a given track a dEdx weight 

probability was calculated as described
above for each of the four candidate particle types electrons pions kaons and
protons  Muon identication was not possible as the muon and pion bands in
the dEdx distribution are poorly separated for particles with momenta above 
  GeVc  If at least one of the four weights was above   then the track was
assigned to the particle type corresponding to the largest 

probability  Using
this procedure on the real data   tracks per event on average were assigned a
particle type  The dierence in mean track multiplicity between real data and the
weighted JETSET Monte Carlo sample was only   for all tracks and   for
those tracks with a particle type assigned to them from the identication process 
Although candidates for electrons pions kaons and protons were selected from
the tracks in each event only kaon identication was used in the inclusive meson
analysis  The eciency of kaon identication and the pion to kaon misidentication
probability as a function of particle momentum for the JETSET Monte Carlo event
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sample is shown in gure    As expected the eciency is high for low momen
tum kaons but drops down to  at around   GeVc where the kaon band
crosses the electron band gure    For kaons in the relativistic rise region the
identication eciency drops with increasing particle momentum as the separation
between bands decreases  Over the whole momentum region the probability of pions
being misidentied as kaons is small  Below   GeVc where the bands are well
separated it is virtually zero but it increases near the border of the region where
the kaonpion bands cross and continues to increase in the region above  GeVc













the K mass spectra 
The eciency of kaon identication was also determined directly from the real




invariant mass spectra as described
later in chapter  
  Twoparticle invariant mass spectra
For each event in the sample of multihadronic data the KK twoparticle in
variant mass was calculated for all two track combinations where both tracks were
identied as kaons  In order to minimise systematic eects arising from pion identi
cation the K invariant mass was constructed for each kaon candidate combined
with all the other tracks in the event  The invariant mass spectra were formed in








where E is the combined energy of the two particles and E
beam
is the LEP beam
energy for the event  In the analysis of the KK spectra six regions of x
E
were
considered while the data were split into  regions for the K plots 
Separate histograms were used to record neutral and doubly charged combina
tions  Figures   and   show the resultant mass spectra for KK and K combi
nations integrated over x
E
  The plots from the JETSET Monte Carlo event sample
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Figure   The variation of kaon identication eciency and pion to kaon misiden
tication probability with particle momentum for tracks from the JETSET Monte
Carlo event sample  No kaon identication was attempted for tracks with momenta
between  
 and   GeVc due to the crossover region of the kaon and pion bands
in the dEdx distribution 
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have been normalised to the same total number of selected Z
 
decay events as the
data in order to make a direct comparison 
In the KK spectra the  signal is clearly visible in the neutral combina
tions  Apart from the intensity of the signal the Monte Carlo simulates the shape
of the data well although there are small discrepancies in both plots just above
threshold  This may be due partly to the eects of BoseEinstein correlations  
which are not simulated in the Monte Carlo 






smaller than for the  due mainly to the large excess of combinatorial K pairs
as opposed to KK combinations  In order to enhance the signal the spectra for dou
bly charged K combinations were subtracted from those for neutral combinations
on a bin by bin basis the resultant subtracted plot is shown in gure  	 
As the simulated events contain a record of the origin of each measured track it is
possible to break down the Monte Carlo invariant mass spectra into their constituent
parts  The main features of the KK and K mass spectra are shown in gures  

and    These consist of the signal the combinatorial background and backgrounds
from the decay of other states where one or both of the decay particles have been
misidentied resulting in a distorted signal from the miscalculated invariant mass 
One particularly important background of this type is from the decay of the 		
 






peak so that a good understanding of this background is important in the
analysis 
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Figure   Invariant mass spectra for selected KK combinations 
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Figure   Invariant mass spectra for selected K combinations 
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Figure  	 Subtracted Invariant mass spectra for selected K combinations 
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Figure  










As the JETSET Monte Carlo sample is used extensively in the analysis it is
important to check the consistency of particle identication eciencies between the
simulated data and those measured from the detector  To this end eciencies for
kaon identication have been measured directly from the invariant mass spectra in
the real data and compared to values deduced from the Monte Carlo simulation 
The results from this study have been used as corrections to the inclusive rate








For a sample of events which includes N decays of  mesons to charged kaons
dene F
n
as the fraction of decays which remain after the requirement that exactly










 n identied kaons
N
   
Note that the above means n and only n identied particles so F
 
is the fraction of
decays where neither of the kaons was identied  These fractions can be written in
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     
F
 










     
The number N is an unknown quantity in the real data but the ratio of any two of
the fractions can be determined and from this the eciency can be calculated  For
example if I

is the measured  signal intensity from the decays where both kaons
are identied and I

is the signal intensity from the decays in which only one of
the products is identied then these measurements can be written in terms of the






























In practice it was found that the intensity I

could not be measured from the data 
Mass plots constructed from two track combinations containing only one identied
kaon were found to be dominated by background mainly from K and could not be
tted successfully  Instead a slightly dierent scheme was adopted using two track
combinations containing one and two identied kaons  This increased the signal to
background ratio in the mass spectra to the point where viable ts were possible 
The intensity of the  signal in these plots I

 can be written as a sum of
the intensity I












and the expression for kaon identication eciency given in equation  	 can be











This argument is only valid if the identication eciency for each of the two kaons
from a decay is the same so possible correlations must be checked using Monte
Carlo data 
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invariant mass plots in the real data in six bins of x
E
  produced
as described in chapter  were tted using the minimum 

method over a mass
range from the KK threshold up to   GeV  The  signal shapes for each of
the ts were parametrised using the convolution of a relativistic BreitWigner the




























The innite upper bound of the integration was approximated by a range of  above
mass m  Outside of this range the Gaussian part of the integrand was insignicant 





In the ts only the overall background and signal levels and the signal resolution
parameter  were allowed to vary  The  mass and full width in the relativistic
BreitWigner RBW m were xed at the values given in 
  For each of the x
E
regions the intensity of the  signal I






two particle mass spectrum was then constructed for each of the
x
E
bins using relaxed particle identication criteria in each two track combination
only one track was required to be identied as a kaon  The second track in each pair
was required to pass all the other quality cuts given in chapters  and  including
those relating to the dEdx crossover regions  These mass spectra were tted using
the same signal parametrisation but with the resolution parameter  xed at the
values measured in the rst set of ts  The results were used to determine the 
intensity I

 in each x
E
region  The results of the two sets of ts for each of the x
E
bins are shown in gures   and    The procedures were repeated on the Monte
Carlo data and an equivalent set of  intensities measured for each of the six x
E
regions 
As information regarding the generated and reconstructed type of each track





decays in the samples where both one or neither of the kaons were
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Figure   The two particle invariant mass spectra for pairs of identied kaons in
six bins of x
E
  The open histograms show the results of ts using a  signal shape
constructed from a relativistic BreitWigner convoluted with a Gaussian function 
The tted  signal in each bin is displayed as a shaded histogram 
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Figure   The two particle invariant mass spectra for pairs of tracks containing at
least one identied kaon in six bins of x
E
  The open histograms show the results of
ts using a  signal shape constructed from a relativistic BreitWigner convoluted
with a Gaussian function  The tted  signal in each bin is displayed as a
shaded histogram 
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identied and hence to evaluate the fractions F
n
  The measured values of these
fractions from the Monte Carlo are given in table    These statistics were used to
x
E
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decays in the Monte Carlo event sample
where two one or zero kaons were identied using dEdx 
determine the eciency correlation factors see section    The kaon identication
eciencies for the Monte Carlo events were calculated both from this method and
from the intensities measured in the ts and both results were found to agree  In







as the ratio of tted intensities for real data  From equations  
and  
 this quantity can also be expressed in terms of the fractions F
n
measured
















Hence using equation   the kaon identication eciency  can be written in terms











are not independent their uncertainties will be correlated  For the
Monte Carlo the uncertainty on the ratio can be determined using binomial statistics


















In the case of the real data the uncertainty from the ts must be taken into account 















































 represents the covariance between the two intensities  As the un
measured intensity I







































The calculated ratios R
I
are given in table   and kaon identication eciencies in
table    In all the x
E
regions the data and Monte Carlo values agree 
x
E
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Table   Ratios of  signals from the real data and Monte Carlo samples used to
calculate the kaon identication eciencies
	 E
ciency correlations
The procedure above assumes that the eciency for identifying each kaon from a
 decay is the same  The simplest way to describe possible correlations is to include
an extra factor r in the the expressions for F
n
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x
E
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Table   Comparison of kaon identication eciencies for data and Monte Carlo 
F

   r  	
F
 




Here r is dened so that if  is the eciency of identifying the rst kaon r is the
eciency of identifying the second  Using the above equations r can be written in


















Note that r cannot be expressed using only ratios of the fractions and so cannot be
determined from the data  Using the fractions F
n
measured from the Monte Carlo
table   r was calculated for each of the x
E
regions  The resultant values are
given in table   
x
E
region for  correlation factor r
  !  	     	
 	 !       
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  !       
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Table   Kaon identication eciency correlation factors measured from Monte
Carlo events 
In all the x
E
regions the correlation factor is consistent with unity  This indicates
that the identication eciency for each of the two kaons in a  decay is the same 
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decay will result in
particles with similar lab momentum  As the identication eciency is dependent
on the momentum of the kaons especially near the crossover regions of the dEdx
bands a large dierence in momentum would produce an apparent correlation in
the measured eciencies  As the Monte Carlo has been shown to simulate the data
well for kaon identication this conclusion can also be applied to the real eciency
measurements 
	 Corrections to inclusive rate measurements







corrections to the measured rates and the uncertainties on these ratios were included
as part of the overall systematic error taken to be uncorrelated from bin to bin in
x
E
  As the kaons resulting from the  decays used in this study cover a
large momentum band gure   it was assumed that the data and Monte Carlo










in table   which amounted





multiplicity and the average of
the errors on these ratios  	 was assigned as part of the systematic uncertainty
again taken to be uncorrelated from bin to bin 
An alternative treatment of systematic errors due to identication eciency
measurements was also considered  The mass spectra integrated over all x
E
were
tted as described above both for data and Monte Carlo and the overall kaon




was found to be     
The error on this ratio was used to calculate the contribution to the systematic





rates  The dierence in
the nal systematic errors determined from this treatment and the one described
above was found to be negligible 
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mesons in the real data




and K two particle invariant mass
spectra produced as described in chapter   The results have been used to plot the
dierential cross sections fragmentation functions for the two vector mesons with
respect to both scaled energy x
E
and   lnx
p
 









mass spectra were tted using the minimum 

method in exactly
the same manner as in the earlier OPAL vector meson analysis   The plots
representing the six x
E
regions were tted over an invariant mass range from the
KK threshold up to   GeV  In each x
E
region the shapes of the signal and
background contributions were extracted from the appropriate Monte Carlo mass
spectra  In the t the signal intensity and the level of combinatorial background
were allowed to vary 
The results of the ts for each of the x
E
bins are shown in gure 	   As
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Table 	  Results for inclusive  production 
the Monte Carlo mass spectra used for the ts had been normalised to the same
number of Z
 
decays as in the data the results were a direct measurement of the
data to Monte Carlo intensity ratio for the   The production rate in each of
the x
E
regions could then be determined by scaling the JETSET multiplicities and
taking into account the corrections for particle identication eciency calculated as
described in chapter   To account for the small unobserved region at low x
E
the
Monte Carlo behaviour was assumed  Both JETSET 	  and HERWIG   were
found to agree on the correction  The measured rates for each of the x
E
bins are
given in table 	   The overall multiplicity was determined to be    	
per event  The rst quoted error is statistical and the second is an estimate of the




  Fitting the K  mass spectra
As was pointed out earlier an understanding of the 		
 
reection in the K










invariant mass spectra in  and more recently in  revealed
a marked dierence between the data and JETSET Monte Carlo signal shapes for






Figure 	  Fits to the KK mass plots in six bins of x
E
  The open histograms show
the results of the ts and the shaded plots are the  signals 








  It was suggested that the distortion could be due to BoseEinstein correla
tions which were not simulated in default JETSET  A further study of the eect on
the 		
 
line shape by these correlations and other mechanisms was made in  







be parametrised as a distorted relativistic BreitWigner written for a mass m as
I













where  is the mass dependent width of the relativistic BreitWigner RBW m 
and C is a variable parameter which depends on the momentum of the 
 
 varying
from around   at low values of scaled momentum x
p
 down to zero for high mo
menta  The overall eect of equation 	  is to move the peak of the 
 
background
to a lower mass by up to  MeV for C equal to one as shown in gure 	  
In order to study the eect of this on the 
 
background in the K mass spectra







decays were generated using the Monte Carlo program GENBOD  with a
line shape determined from the parametrisation given above  The behaviour of C
was represented simply by  x
p




Using the histograms of the variation of pion to kaon misidentication proba
bility with momentum constructed in chapter  gure   K reections were






decays  The reections were plotted in the same
bins of x
E





analysis  Using the same procedure a second
set of reections was generated using a normal BreitWigner function as input to
GENBOD rather than the above parametrisation 
Three separate sets of ts were made to the K mass spectra over an invariant
mass range from   to   GeV  For the rst ts the JETSET 		
 
shape a
simple nonrelativistic BreitWigner was used but for the other two the reections
generated using GENBOD with and without distortions were included instead
with the intensity normalised to the default JETSET value in each case  For all





signal shape was taken from the Monte Carlo mass spectra
the intensity from the  background was xed to values obtained from earlier
ts to the KK spectra and all other non combinatorial backgrounds except for the
		
 
were set at default JETSET levels  The tted spectra using the JETSET






Figure 	  Line shapes for 		
 
using a distorted relativistic BreitWigner func
tion equation 	  for various values of the parameter C 
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reections are shown in gure 	  
The t results using the JETSET 
 
reection and those with generated 
 
shapes with no distortions were consistent  This indicated that the generated reec
tions from GENBOD were reliable even though they had not been passed through
a full detector simulation  When the 
 
reections included distortion eects as





intensity was consistently lower 
This was to be expected as the distortion eects move the reected 
 
peak down





 thus reducing the eective tted K
 
intensity 
The mean of the two t values for each x
E






production rate  The dierence between the two was used as an estimate of
the systematic uncertainty due to the 		
 
reection  As in the  analysis
a small correction was applied for the unobserved region in x
E
based on JETSET
and HERWIG predictions  The measured rates for each of the x
E
regions are given






mesons per hadronic Z
 
decay 







Figure 	  Fits to the K mass plots in ten bins of x
E
  The open histograms show












 Dierential cross sections





mesons normalised dierential cross sections
were calculated and plotted as a function of x
E
  To determine the appropriate
positions x
lw
for the data points within the x
E
bins the procedure recommended
in  was used  Both HERWIG and JETSET curves in each bin were considered
but signicant dierences in the calculated positions were found only for the highest
x
E
region which corresponded to the widest bin  For this point the mean of the
two positions was used and the dierence was taken to be the uncertainty on the x
E
position in the bin  The resulting values of x
lw
are given in tables 	  and 	   The
results are shown in gures 	  and 	  together with the fragmentation functions
for JETSET 	  and HERWIG    The fragmentation function is also shown for
JETSET with certain parameters tuned as described in  to reproduce a number of
measured production rates two JETSET parameters were altered the strangeness
suppression factor PARJ was set to   the default value is   and the
probability that a strange meson will have spin  PARJ was changed from  
to    The x
E
bin limits are also shown on the plots in the manner recommended
in  











  The modied leading log approximation in QCD with local partonhadron
duality MLLALPHD  predicts that dierential cross sections with respect
to this variable should have a Gaussian like shape  Figures 	  and 	 	 show the





along with the Gaussian ts used
to measure the peak positions  The values of 
peak
were determined to be   













sources of systematic error investigated are summarised in table 	  






Figure 	  Dierential cross sections for measured and simulated  produc
tion  The error bars show the combined statistical and systematic uncertainty on
each point  The bin ranges are indicated by means of the short vertical lines at the
edges of the plot 












tion  The error bars show the combined statistical and systematic uncertainty on
each point  The bin ranges are indicated by means of the short vertical lines at the
edges of the plot 






Figure 	  Dierential cross section for  as a function of   lnx
p
  The
error bars show the combined statistical and systematic uncertainty on each point 
The bin ranges are indicated by means of the short vertical lines at the edges of the
plot 











as a function of   lnx
p
  The
error bars show the combined statistical and systematic uncertainty on each point 
The bin ranges are indicated by means of the short vertical lines at the edges of the
plot 






The normalisation procedure used to compare the data and Monte Carlo samples
resulted in an overall   error on the nal multiplicities  This came from both
the reweighting of Monte Carlo events to account for matching ineciencies between
the central jet chamber and outer zchambers and from the model dependence of
the quality cuts 
The systematic eects due to uncertainties in the kaon particle identication
were calculated using the errors on the eciency measurements described in chap
ter   The outcome of this was a   uncertainty on the  multiplicity and





  These values turned out to be the largest contri
butions to the systematic errors  However it must be noted that they stem from
the ts used in the eciency measurements and should decrease in magnitude with
increased statistics 
As the  is a narrow state with a natural width similar to the intrinsic
mass resolution of the detector discrepancies in the shape of the state between the
data and Monte Carlo may have a systematic eect on the ts  To test this both the




mass spectra were tted to a combination
of a relativistic BreitWigner convoluted with a Gaussian the same signal shape
as used in the eciency calculations and a Weibull function  to represent the
































is the KK mass threshold  The width of the Gaussian part which provides
a measure of the resolution of the signal was found to be compatible between the
two data sets  The ts were then repeated for the data mass spectra with the
resolution xed at  of the tted width in the Monte Carlo  Using this procedure
the intensity of the  signal was found to vary by  
BoseEinstein correlations and residual correlations represent a source of system
atic errors in the two vector states  For the  the systematic errors for this
eect were taken directly from the published work  where a reweighting technique
was used to simulate the eect in the Monte Carlo mass plots  A   eect on
the overall rate is reported from the study and this was included in the systematics









systems which are reected into the K mass plots due to   K misidentication 












Normalisation of Monte Carlo    
Particle i d  eciency    

Mass resolution   




Branching ratio  	 
Total  	  	






This eect has been studied as reported in section 	  
As the 		
 
production rate has not been measured reliably in Z
 
decay 
   mainly due to problems in understanding the line shape the eect of
varying the intensity of the reection in the mass plots was studied  It was found
that a variation of  in the 
 






intensity and had a negligible eect on the   Finally a  
uncertainty was added to the systematic error on the measured  rate to












meson production in Z
 
decay re
ported in this chapter represent a signicant improvement in precision over those
previously published  Table 	  shows the measured production rates together with
the values obtained from the analysis of  OPAL data  and from JETSET and
HERWIG Monte Carlo  Also listed are the multiplicities obtained from JETSET
after certain parameters had been adjusted as described in section 	   For both the
vector states default JETSET and HERWIG predict a signicantly larger rate than






rate and within two standard deviations of the experimental
 multiplicity 
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Table 	  Measured and predicted multiplicities for vector meson production in Z
 
decay 
The overall shape of the dierential cross sections measured as a function of
x
E
gures 	  and 	  are in good agreement with both Monte Carlo models for
x
E
less than    The Monte Carlo predictions for the fragmentation functions are
signicantly dierent for x
E
    In this region the data for both vector mesons
are in somewhat better agreement with HERWIG than with JETSET 
The dierential cross sections plotted with respect to the variable   lnx
p

were found to t well to a Gaussian shape  The measured peak positions plotted
against particle mass are shown in gure 	 
 along with data from other hadron
states     For each particle the most precise measurement in the literature is
shown  The modied leading log approximation in QCD using local partonhadron
duality  predicts a linear decrease in 
peak
as a function of mass  The JETSET
Monte Carlo model predicts values of 
peak
which are in broad agreement with the
data for all the measured hadrons  A linear decrease in 
peak
as a function of mass
is obtained from the Monte Carlo when only primary hadrons are considered as
shown in gure 	 
  The inclusion of secondary particles from the decay of other
hadrons smears out the simple mass dependence thus producing the eect observed
in the data 







 The variation of 
peak
with mass for various hadron states  Measured
data points are shown as circles with the JETSET values shown as stars  For  and
K one star represents both the charged and neutral states  The arrows show the
change in 
peak









In the original analysis of strange vector meson production  based on the data
taken by OPAL in  the measured K mass spectrum contained some evidence





  After two further years of LEP
running the increase in the number of recorded multihadronic events has made a
measurement of the inclusive production rate of this meson possible  Using the
result the JETSET parameter which governs the level of tensor meson production
has been tuned and its eect on the inclusive rates of other vector and tensor mesons
studied 






is a wide state with a natural width of  MeV additional
cuts were introduced to obtain the best possible signal to background ratio in the
K mass spectra  In order to reduce the combinatorial background from K and
 pairs the selected tracks were required to pass more stringent quality cuts before
particle identication was attempted than those used for the vector states  The
minimum number of points of dEdx measurement was increased from  to 
and the number of z space points from one to ve  It was found that improving the
dEdx and momentum measurement in this way was more eective than tightening






the cuts made on the dEdx weights  The kaon identication eciencies for both
data and Monte Carlo were reevaluated for this new set of cuts following the
procedures described in chapter  
The K twoparticle invariant mass spectra were plotted by combining identied
kaons with all the other tracks in each event  Two regions of x
E
were considered





analysis the histograms for like
and unlike charge combinations were subtracted bin by bin to emphasise the signal 
The resultant subtracted spectra are shown in gure 
   A clear signal is visible
for the lower x
E
region but at large x
E
the eects of charmed meson production
serve to complicate the K mass spectrum  This meant that the production rate
could only be measured over a limited x
E
range 
The multiplicity could not be extracted from the data using the same proce
dure as for the vector mesons since the JETSET event sample did not include






 but it could not be used either in the ts since HERWIG does not simu
late the natural widths of resonant states  The HERWIG sample was used however
to calculate the acceptance  Instead the data were tted to a parametrisation made
up of signal and background contributions  Two signal shapes were tted to the
peak a relativistic BreitWigner the theoretical shape of the state and a simple
Gaussian  These shapes were combined with both parabolic and exponential back
ground functions yielding four possible t combinations  The ts were carried out
over a mass range from   up to  
 GeV  Initially the mass and width of the sig
nal were allowed to vary and the resulting parameters were found to be consistent






  For example using a relativistic
BreitWigner signal and an exponential background the mass and width of the state








     GeV  For
the nal ts these two parameters were xed at the Particle Data Group default
values  The results of these nal ts are shown in gure 
  
Two further signal measurements were made by tting the background functions
to the side bands of the mass spectra  The overall signal was taken as the mean of
the values obtained from the six ts  The deviation from this mean was used as an
estimate of the systematic uncertainty in the measured signal 













mass  The t shown on the upper plot is to the combination of an
exponential background and a Gaussian signal 







  Fits to the subtracted K invariant mass spectrum using various func













The detector acceptance was determined from the JETSET and HERWIGMonte
Carlo samples using unrelated K tracks with invariant mass within the signal mass





to K from the HERWIG events were also investi
gated  It was expected that the angular distribution of the K combinations in the






decaying isotropically and the unrelated tracks showing a bias towards the jet axis
of the event  This eect can be seen for K combinations generated by HERWIG
in Figures 
  and 
   The angle 
 
is that between the kaon direction in the K
rest system and the combined momentum vector of the two tracks in the lab 
As the inclusive kaon momentum spectrum is harder than the inclusive pion
spectrum  possibly due to kaons produced in the decay of high momentum charm
and bottom hadrons in any unrelated K combination there is a tendency for the
kaon to have the larger momentum  This dierence in momentum is on average large
enough to overcome the eect of the Lorentz boost into the K rest system which
because of the kaons larger mass would reduce the value of the kaon momentum
more than that of the pion  Thus overall the kaons still tend to be forward in the
K rest frame and this results in a bias towards positive cos 
 
 as seen in gure 
  
Both the angular distribution and integrated acceptance for unrelated combina
tions were found to be consistent for the two dierent Monte Carlo samples  However
the acceptance was found to be signicantly larger over the whole angular range for
those K combinations from the decay of the meson as shown in gure 
  
In order to determine whether this eect was specic to the fragmentation model
used by HERWIG the acceptance and angular distributions for K combinations
produced by JETSET were also measured  As the JETSET event sample used
for the analysis did not include tensor mesons a new sample was produced  To
turn on the production of tensor mesons in the fragmentation process the JETSET
parameter PARJ	 was set to   default value    For an explanation of this
parameter see section 
   The original JETSET sample was produced by passing
the Monte Carlo events through a full simulation of the detector but this is a very
time consuming process  The new sample was instead run through the detector







  The angular distribution of kaons from K combinations which originate







  The angular distribution of kaons from unrelated K combinations with
twoparticle invariant mass between   and  
 GeV 






simulation program GOPAL  in smear mode where the detector response is
simulated by smearing out the tracks with algorithms which include resolutions and
eciencies measured from the real apparatus  This process is much faster than the
full simulation and is known to produce comparable results although they cannot
of course be used for the measurement of absolute eciencies or acceptances 
The angular distributions of acceptance for K two track combinations for this
new JETSET event sample were measured in the same way as for the HERWIG
data  The acceptance distributions for unrelated K combinations from the two
JETSET samples were in good agreement and so the division of the two histograms






decays which could only be measured from the new event sample  The
results are shown in gure 
  
As the acceptance distributions from events generated using both the Monte
Carlo programs show the same discrepancy between those from unrelated K com





decays the source of this eect cannot be the
fragmentation model  Instead it must be due to the kinematics of the events 
To check whether the eect was dependent on the size the of mass window used
to select the unrelated twoparticle combinations or the limits of the x
E
region both
of these were varied and the distributions remeasured  Neither of these parameters
were found to aect the discrepancy  The distributions were also measured with
respect to several kinematic variables which could aect the acceptance including
the transverse momentum of the combined K tracks with respect to the thrust axis
of the event the rapidity of the combination and the rapidity dierence between the
combined tracks and all the other observed particles in the event  Unfortunately all
these studies yielded similar results to the original investigation using cos 
 
 with the





mesons over the whole range
for each of the variables  It must be concluded that the reason for the dierence
is not yet understood  For this reason the average of the two HERWIG acceptance






the dierence included as a part of the systematic uncertainty 







  The detector acceptance for K combinations produced by the HERWIG
Monte Carlo program with respect to the angle of the kaon in the K rest frame 
The histogram shows the acceptance for unrelated K combinations and the points







  The detector acceptance for K combinations produced by the JETSET
Monte Carlo program using smear mode detector simulation with respect to the
angle of the kaon in the K rest frame 


























The overall multiplicity for x
E






mesons per hadronic Z
 
decay  The HERWIG prediction for this state is
  mesons per Z
 
decay just outside the measured uncertainty  The main contri
butions to the systematic error were from the signal and acceptance measurements
as outlined above  Other smaller contributions came from K identication e





 K branching ratio  A summary of the
systematic errors is given in table 
  







The JETSET Monte Carlo program contains only one parameter which controls
the production of tensor mesons in the fragmentation process PARJ	  This
parameter actually governs the probability that a meson with its component quarks
spins aligned is produced with an orbital angular momentum of  giving a spin
J   for the state  The default value of PARJ	 in the program is zero and
so no tensor mesons are produced in hadronic Z
 
decays  It is possible to adjust






Changes in PARJ	 will also aect the production of vector meson states  As the





mesons predicted by default JETSET are
signicantly larger than those measured from the data in chapter 	 it is interesting
to see whether the addition of tensor mesons in the Monte Carlo model improves





















Full range  	       
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       	   
Table 
  Measurements and JETSET predictions for the inclusive rates of vari
ous mesons  The Monte Carlo values are given for PARJ	    default and






the predictions for these states 
A scan of PARJ	 was made for values between   and   with all other
JETSET parameters xed at the default values  A level of   was already known





measured from the new JET
SET sample described in section 
  was almost twice the measured rate  As the
measured rate was limited to x
E
   only Monte Carlo mesons in this range were
considered  The JETSET prediction was found to be within one standard deviation





rate for a range of PARJ	 between  
 and   
The central value of this range PARJ	    was used as input to JETSET
and the inclusive rates of various vector and tensor states measured  The results
together with the rates for default JETSET and experimental measurements are
given in table 




	 are taken from ref
erence   The inclusion of tensor mesons in the Monte Carlo decreases the rate of
all the vector mesons listed in the case of the 		
 
the new value agrees with
the experimental result but for the strange mesons the reduction is not enough to





and  comparable with the measured values  For
the only other tensor meson which has been measured at LEP the f

	 the
JETSET prediction is in agreement with the measured production rate within large
errors 
An interesting value to calculate from the results is the ratio of tensor to vector










mesons  It is likely that this ratio will
be similar for strange and nonstrange mesons  A ratio for nonstrange mesons of










   has been measured for the f

	 and the 		
 
in 
although it should be noted that the measured 		
 
does not take into account














 from the results in this thesis is      for x
E
    The two
values agree within rather large errors and also agree with the JETSET predictions
after adjusting the value of PARJ	  A summary of the ratios for the data and

























        	
Table 
  Measurements and JETSET predictions for the ratio of tensor to vector







 Sources of   in hadronic events




  hadrons a  meson can be produced
in three main ways illustrated in gure    The rst mechanism involves the
combination of a primary strange quark from the Z
 
decay with a pairproduced
quark from the sea the second is similar but both of the quarks are from the sea 
The third source of  mesons is from the decay of other hadrons  An example of
this secondary production is the decay of the charmed meson D
s
to  
In the JETSET Monte Carlo program secondary  production can be easily
separated from the other two sources as the history of each particle is recorded in the
event record produced by the generator  The rst two types cannot be distinguished
using the event record as the Lund fragmentation model used in JETSET does not
make a direct link between the particles produced in the parton shower process
quarks and gluons and those created from the Lund string stretched between them
see chapter  
Although this means that the source of a given  meson cannot be determined
it is possible to evaluate the proportion of  from each source in a sample
























Figure   The three possible production mechanisms for  mesons in a
simple hadronisation picture a  Including a primary strange quark from Z
 
decay








decays to strange quarks whereas the second type should be found in the same






  ss type events  As the avour of a JETSET
event the type of the primary quarks can be found from the event record a Monte
Carlo sample can be subdivided into events which can and cannot contain  mesons
produced from primary quarks  After removing those from decays the number of
 mesons in the sample containing primary strange quarks is just the dierence
between the number of  mesons in the strangeavour events and the number in
the downavour events 
It is likely that mesons produced from primary quarks will tend to have a larger
proportion of the available energy than those produced from only sea quarks or from
decays  In order to investigate this the x
E





divided as outlined above into the three production categories  Secondary mesons
from hadron decays and those from Lund fragmentation were separated using the
particle history in the event record and for the latter group individual spectra were
plotted for each event avour type  The plots for up down charm and bottom
avour events were found to be very similar but the spectrum for strangeavour
events was dierent with a larger proportion of  mesons at high x
E
  To separate
out the  mesons containing primary quarks the spectrum for downavour events
was subtracted from the strangeavour plot  The other plots were then combined
to form the contribution from  mesons containing only sea quarks  The resultant
x
E
spectra are shown in gure   
The results from the Monte Carlo indicate that  produced with large
values of x
E
are indeed more likely to be from primary quarks  In fact for x
E
  
the contribution from sea quark production is less than  of the total and the
main background is from secondary production 
These results indicate that by cutting on x
E
it should be possible to isolate
a sample of  mesons in real data in which a large proportion are produced from
primary quarks  Such a sample could be used to investigate the properties of the
Z
 
  ss interaction  One such property is the polarisation of the primary quarks  If
a  produced in fragmentation retains information about the spin state of its
parent quark then this could be observed in the angular distribution in the decay of






Figure   The x
E




showing the contributions from
the three possible production mechanisms  The lower plot shows the contributions













For parity conserving decays of a hadron of spin s s
z
 the general form of the























is the decay polar angle with respect to the z axis and l
max
is the maximum
possible relative orbital angular momentum between the decay products  The values
of 
j
depend on the spin state of the decaying particle  If the z axis is dened by
the momentum of the initial state in the lab frame then the z component of spin is
proportional to the helicity of the initial state 
For a decay of the  to charged kaons l
max
  so the distribution can








































if the spin is orthogonal to the momentum then 
 
  and the distribution has


















for  mesons from
fragmentation is given in gure    As this distribution is at it implies that the
 mesons produced in Lund fragmentation have no preferred helicity state 








interesting question to ask is whether this quark polarisation is transferred to the
nal state hadrons or whether it is lost in the fragmentation process  In events where
a  meson is produced containing a primary strange quark it might be expected










decays in JETSET Monte Carlo
for  mesons produced in Lund fragmentation 




decays in JETSET Monte Carlo
for secondary  mesons produced from the decay of other hadrons  The line is a t














this is true then the angular distribution for primary  would follow that
given in equation   
The helicity of the  mesons in real data can be measured by tting the angular
distribution of charged kaons from  decays to the form given in equation   




which are due to  production from
primary quarks the angular distributions from the other production mechanisms
must be understood 
In the region x
E
   gure   there is only a small contribution from
 mesons from the sea  According to the JETSET model this type of production
has no angular dependence  The main contribution other than that from 
from primary quarks is from secondary  mesons from the decay of other hadrons 





have a nonuniform angular
distribution  As this decay is pseudoscalar to vector plus pseudoscalar the nal
state must have a relative orbital angular momentum of one in order to conserve
angular momentum  Further the direction of this orbital angular momentum must
be perpendicular to the plane of the D
s
decay products  This means that the spin
of the  meson must also be perpendicular to the decay plane in the opposite
direction so that it will have helicity zero and the decay angular distribution will
be given by equation    The decay angular distribution for secondary produced 










decays as well as the constant level from other
secondary  meson decays 
 Measuring the angular distribution
For the real data the KK twoparticle invariant mass spectrum was constructed
by combining all pairs of oppositely charged tracks in each event which passed the
track quality cuts described in chapter  and had a combined x
E
greater than
   To maximise the statistics no dEdx kaon identication was used  The main




pairs which is reduced by using kaon identication was
not really a problem as the level falls o rapidly with increasing x
E
  The lower bound
for x
E
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according to the Monte Carlo contained primary quarks the greater the value of x
E
the better and producing the best possible signal to background ratio in the plots
i e  maximising the total number of  passing the cuts  In order to measure
the angular distribution the histogram was divided into three bins of j cos 
 
j  The




The resultant mass spectra were tted using the minimum 

method to a
combination of a Gaussian function for the  signal and a Weibull function equa
tion 	  over a mass range from the KK threshold up to  	 GeV  A Gaussian
was used rather than the relativistic BreitWigner used elsewhere in the analysis
as the twoparticle mass resolution of the detector in the x
E
region in question is
around  MeV much greater than the natural width of the state  The mass spectra
together with the results of the ts are shown in gure   
The acceptance for each of the j cos 
 
j bins was measured from the Monte Carlo
event sample using the information available regarding the generated and recon
structed type of each track  By combining these acceptance measurements with the
results from the ts the dierential rate in each of the j cos 
 
j bins was calculated 
The results are given in table    These values were used to plot the angular dis
tribution of the kaons in  decays shown in gure    The errors shown are a
combination of the statistical uncertainties from the ts to the mass spectra and
systematic errors from the acceptance measurements 
The measured angular distribution was tted to the form given in equation   
The tted parameters were found to be 
 
    and 

    






Figure   The KK twoparticle invariant mass spectra for x
E
   in three bins
of j cos 
 







Figure   The angular distribution with respect to j cos 
 
j of charged kaons from
the decay of  mesons with x
E
    The bin ranges are indicated by means
of the short vertical lines at the edges of the plot  The line on the plot is a t to





evidence for a preferred helicity state in overall  production with x
E
   in the
data 
 Conclusions
As outlined in section   the shape of the overall angular distribution depends
on two factors the helicity state of the  mesons which contain primary quarks
and the size of the contribution from secondary  mesons from D
s
decays  If the
longitudinal polarisation of the primary strange quarks is transferred to the primary
mesons then the distribution should follow that given in equation   with the
dierential rate tending to zero as j cos 
 
j     However this eect could be diluted
by the contribution from  mesons produced in D
s
   decays which would
decay according to equation    In order to remove this contribution to see the
underlying distribution due to  mesons which contain primary quarks the inclusive
D
s
production rate is required  Unfortunately this quantity has not been measured
at LEP at the present time and so no real conclusions can be made 
According to JETSET gure   the contribution to  production from decays
of other hadrons such as the D
s
decreases rapidly with increasing x
E
  With larger
multihadronic statistics it may be possible to eliminate the eect of secondaries by
cutting on a higher value of x
E
 and hence to determine the helicity state of the 
mesons which contain primary strange quarks directly from the resulting angular
distribution 
Although this study must be regarded as only preliminary it has shown that the






can be measured using two




In this thesis measurements are given of the inclusive production rates of the













decays  The results for the vector states are in agreement with those






rate represents the rst measurement of a strange tensor meson at
LEP 
Table   contains a summary of the inclusive rate measurements  Also shown
in the table are the rates predicted by the Monte Carlo programs JETSET and
HERWIG  For JETSET with the default OPAL parameter set tuned to reproduce






larger than the measured values  The JETSET expectation for the  is al
most twice the measured rate  The HERWIG predictions for the vector mesons
although better than default JETSET are still over two standard deviations from






just outside the measured uncertainty 
Also listed in the table are the multiplicities obtained from JETSET after certain
parameters had been adjusted  The rst of the two sets of tuned JETSET results is
based on a study carried out in  and described in chapter 	  The two parameters
altered were PARJ the strangeness suppression factor and PARJ which is











Measurement  	        
     	
JETSET default OPAL     
JETSET tuned PARJ PARJ  	   




Table   Summary of the inclusive rate measurements for vector and tensor
mesons made in the analysis together with the predictions of the JETSET and
HERWIG Monte Carlo programs  The K
 

measurement is for x
E
   
the probability that a strange meson will have spin   With these parameters set so






is in agreement with the measurement but the 
rate is still too large by around two standard deviations  The second set of tuned
JETSET results come from work described in chapter 
  The parameter which
controls the level of tensor meson production PARJ	 was varied in order to get













With the extra degree of freedom introduced by including tensor mesons in the
Monte Carlo it may be possible to tune the values of all three parameters mentioned
above simultaneously using the multiplicities for mesons and baryons which have
been measured by all four LEP experiments  Such a study is beyond the scope of this
thesis  This method of tuning is almost certainly not unique other combinations of
parameters could also be used to get the same eect on the particle rates  However
any procedure which can improve the simulation of LEP physics is a useful exercise 
The fragmentation functions for the two vector mesons have been measured and
for the rst time the dierential cross sections have been plotted with respect to the
variable   lnx
p
  The Gaussianlike shape for these distributions predicted
by the modied leading logarithm approximation in QCD with the hypothesis of
local partonhadron duality MLLALPHD  has been conrmed and the peak




CHAPTER  DISCUSSION AND CONCLUSIONS  
for the measured vector mesons and other hadron states were found to be in broad
agreement with the predictions of the JETSET Monte Carlo program but not with
the MLLALPHD prediction of a linear decrease in 
peak
with increasing hadron
mass  However when only primary hadrons were considered in the Monte Carlo
an agreement with MLLALPHD was found  It was concluded that the inclusion
of secondary particles from the decay of other hadrons smears out the simple mass
dependence thus producing the eect observed in the data 
Three possible mechanisms for meson production in multihadronic events were
investigated using the JETSET Monte Carlo program  The rst mechanism involves
the combination of a primary s or s quark from the Z
 
decay with a pairproduced
quark from the sea  In the second type of meson production both the constituent
quarks are from the sea  In terms of the Lund model of fragmentation used in
JETSET this quark pairproduction results from the breakup of a string  The
third type is secondary production where the  mesons are from the decay of other
hadrons  It is likely that  mesons produced from primary quarks will tend to have
a larger proportion of the available energy than those produced from only sea quarks
or from decays  This was conrmed by plotting the x
E
spectra for mesons from the
three sources as shown in gure    This meant that by cutting on x
E
a sample of
 mesons could be isolated in the real data in which a large proportion are produced
from primary quarks 
The Standard Model predicts that strange quarks produced in Z
 
decay are
longitudinally polarised  If this property is transferred to nal state  mesons which
contain one of the primary quarks then it is likely to manifest itself as a polarisation




decays from such a sample
with x
E
   was measured by tting the KK twoparticle invariant mass spectra
in bins of decay angle j cos 
 
j  The resulting distribution was found to be at
indicating that overall the  mesons have no preferred helicity  However any angular
dependence could have been diluted by the presence of secondary  mesons from
the decay D
s
    In order to extract the distribution from  mesons containing
primary quarks the inclusive production rate for D
s
must be known  Unfortunately
this quantity has not at the present time been measured at LEP  Clearly future
studies of high x
E
meson production in multihadronic events will be useful 

Appendix A
The signal shape for a two body
decay
The BreitWigner approximation  provides a good model of the line shape
for a resonance decay  In this approximation the variation of signal intensity with




















where C is a normalisation constant and m
 
is the peak mass of the resonance  The
















In this expression m
 
 is the width of the state at the resonance mass l is the
orbital angular momentum of the decay products and qm is the momentum of
each product particle in the centre of mass frame of the decay  The term m is a
relatively slowly varying function which depends on the decay type  If the decay




















The relativistic BreitWigner formula was used extensively in the present anal











APPENDIX A THE SIGNAL SHAPE FOR A TWO BODY DECAY 
vector mesons the orbital angular momentum term l is unity as the decays are both
vector to two pseudoscalar states  According to  to the lowest order in pertur
bation theory the form of m depends on the parity and the spin of the particles







  l    m  m

  A 
By substituting the value for l and expression for m into equation A  the mass




























the full form of m given in
equation A  could not be used as reference  does not list the appropriate form
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